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Tertiary structure prediction using mean-force potentials and
internal energy functions: successful prediction for coiled-coil
geometries
Sean I O’Donoghue and Michael Nilges
We report a preliminary study of the use of mean-force
potentials (MFPs) for predicting protein tertiary
structure. For three leucine zipper sequences, we have
calculated ensembles of structures spanning all
possible backbone conformations consistent with the
canonical coiled-coil geometry. MFPs were measured
with the program PROSA. The MFP alone was poor at
discriminating the native structure from very divergent
structures, and the global minimum of the MFP
sometimes occurred far from the native structure. We
found that adding an internal energy function (a subset
of the CHARMM potential that describes only interactions
between backbone atoms), the resultant total energy
(CHARMM+PROSA) performed much better; in each case,
there was a clear positive correlation between total
energy and root-mean-square deviation (RMSD) from
the experimental structure, and the lowest-energy
structures were about 1 Å RMSD from the experimental
structures. Thus, we conclude that the combined
potential is a powerful method for predicting leucine
zippers and is very promising for general 3D structure
prediction. 
Address: European Molecular Biology Laboratory, Meyerhofstrasse 1,
D-69012 Heidelberg, Germany.
Correspondence: Sean I O’Donoghue
E-mail: odonoghue@embl-heidelberg.de
Electronic identifier: 1359-0278-002-S0047
Folding & Design 01 Aug 1997, 2:S47–S52
© Current Biology Ltd ISSN 1359-0278
Introduction 
Prediction of the 3D structure of proteins has been
pursued for over 30 years. This pursuit has been driven
by a central hypothesis that the native fold of a protein is
determined by its amino acid sequence and physico-
chemical environment. Many early prediction studies
focused on folding simulations; if the hypothesis is true, it
should in principle be possible to simulate the folding of
the polypeptide chain given a sufficiently accurate
knowledge of the internal forces acting on the
protein/solvent system (e.g. bonds, angles, van der Waals,
electrostatics, etc), and given that the simulations are suf-
ficiently long to reproduce the entropic effects that
govern protein folding. Unfortunately, it has become
apparent that the time required to compute such simula-
tions is prohibitive. More recent prediction studies have
largely abandoned the idea of realistic folding simulations
and have begun to include additional nonphysical terms,
such as hydrophobic collapse potentials, which encode
knowledge about the entropic effects that govern protein
folding. While some progress has been made, the first
Asilomar structure prediction meeting clearly demon-
strated that ab initio prediction of 3D structure is cur-
rently impossible [1]. 
In this paper, we have studied the use of a more realistic
and complex alternative to the hydrophobic collapse
potentials, namely mean-force potentials (MFPs). We
have used the residue-based MFPs introduced by Sippl
[2] as implemented in the program PROSA [3]. MFPs
consist of two terms: a pairwise term, which describes
how close certain pairs of residues like to be in native
protein structures, and a surface term, which describes
how happy each residue is to be on the protein surface or
buried in the interior. These terms are derived by count-
ing how often events (e.g. lysine on the surface) occur in
the databank of known 3D structures (PDB). The counts
are then converted into free energies using Boltzmann’s
principal. The resulting MFPs model both entropic
effects and internal forces; since the internal forces are
already well understood, the main benefit of MFPs is the
insight they give into the general entropic principles of
folded proteins. MFPs have already proven to be
extremely useful for recognising remote homologies
(threading) and for detecting mistakes in experimental
structures; several groups have begun using this type of
potential for tertiary structure prediction [4,5] (for a
recent review of MFPs, see [6]). 
We focus here on one family of proteins: the leucine
zipper (LZ) domains. LZs are canonical a-helical coiled-
coils (i.e., dimeric, parallel, and symmetric; for a recent
review of coiled-coil structures, see [7]); this backbone
geometry is particularly simple and can be accurately
described by an equation with only three free parameters.
Others have previously exploited the simple geometry of
coiled-coils for prediction studies [8–18]. These studies
have established that accurate prediction of LZ structures
can indeed be obtained from the standard internal energy
potentials. We have exploited both the simple geometry
of the LZs and the fact that MFPs require only backbone
atoms; this has enabled us to evaluate the MFPs over an
ensemble of structures that spans all physically possible
canonical coiled-coil geometries and hence finds the
global minimum of the MFP. 
Results 
We have used three LZs: GCN4, Jun–Jun, and Fos–Jun.
In each case, we constructed an ensemble of structures
that spans all physically possible canonical coiled-coil
structures. For each member of the ensemble, we calcu-
lated its MFP and its RMSD to the experimentally deter-
mined structure. 
For all three LZs, there was no apparent correlation
between the MFP and RMSD (Fig. 1). The MFP did not
clearly define a lowest-energy structure, since there were a
divergent range of structures with an MFP close to the
lowest value. In the case of GCN4, the structure with lowest
MFP was very far (>6 Å RMSD) from the experimental
structure (Fig. 1a); for Jun–Jun and Fos–Jun, the struc-
tures with lowest MFP were reasonably close (1.9 Å and
1.2Å, respectively; Fig. 1b,c). 
Looking in detail at the GCN4 structure with the lowest
MFP, we noticed that v1 was much too low. This would
lead to a large distortion in the backbone geometry;
however, since the MFP specifically excludes interac-
tions that are independent of residue type (see equa-
tion 5), it is not sensitive to these distortions. This
observation motivated us to try adding an internal energy
that describes interactions between backbone atoms; the
resultant total energy, ETOTAL, performed much better.
The scatter-plots of ETOTAL versus RMSD (Fig. 2) have
the shape of a broad and mostly smooth energy funnel
[19] that narrows to a well-defined lowest-energy struc-
ture. In all three cases, these lowest total energy struc-
tures were very close to the experimental structures:
0.96 Å RMSD for GCN4, 0.91 Å for Jun–Jun, and 1.2 Å
for Fos–Jun. 
The internal energy term we used is sensitive only to
v1 — not to r1 or u — and is independent of the sequence;
hence, this term alone cannot define a unique lowest-
energy structure (Fig. 3). Figure 4 shows the structures
with lowest total energy superimposed onto the experi-
mental structures. 
Discussion 
In this study, we have presented a novel flexible
docking strategy for predicting LZ structures with an
accuracy about 1 RMSD. This is sufficiently accurate to
build in the sidechain atoms. Previous methods for LZ
prediction have achieved similar or better accuracy
[8–10,12,14,15,17,18]. However, these methods have been
based on all-atom models and hence were not able to
search the space of possible canonical coiled-coils as com-
prehensively as our residue-based method. 
The results reveal several properties of ETOTAL that
suggest that it is a powerful potential for LZ structure pre-
diction. Firstly, the global minimum ETOTAL appears to be
very close to the experimental structure in all three cases
(since the ensemble of structures spans the whole coiled-
coil space, we can be reasonably sure that the structure
with minimum ETOTAL we observed is close to the global
minimum in this space). Secondly, ETOTAL has a strong
positive correlation with RMSD from the experimental
structures. Thirdly, in each case ETOTAL values close to the
minimum value correspond to similar structures, indicat-
ing that the minimum is well defined. 
A second purpose of this study has been to establish a
method for testing the performance of residue-based poten-
tial functions. The MFP alone proved to be a poor potential
for LZ structure prediction; thus, we have identified a case
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Figure 1
MFP versus RMSD to the experimental structure. Each plot shows
EMFP versus RMSD values for an ensemble of 16 928 structures
spanning all possible canonical coiled-coil geometries. Plots are
shown for (a) GCN4, (b) Jun–Jun, and (c) Fos–Jun. The position of the
minimum-energy structure (lowest EMFP) is marked with a cross. The
vertical dashed line indicates the position of the structure with the
lowest RMSD to experimental structure; this is between 0.5 and 1.0 Å,
indicating the degree to which the experimental structures are
distorted from an ideal coiled-coil geometry. There is no obvious
correlation between EMFP and RMSD. The minimum-energy structure is
not always close to the experimental structure; also, the minimum-
energy structure is not clearly defined, as there are many divergent
structures with nearly equally low MFP. 
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where the global minimum of the MFP occurs quite far
from the native structure (GCN4), and in all cases, we
found that the lowest-energy structure was not well
defined (in the sense discussed above). This suggests that,
for tertiary structure prediction, MFPs are best combined
with other energy terms. 
The results reveal a complementarity in the behaviour of
the MFPs and the simplified standard internal energy
function we used. The internal energy function used is
strongly biased against conformations with poor covalent
geometry, but cannot distinguish thermodynamically
good packing (hydrophobic residues buried/hydrophilic
residues exposed) from bad. In contrast, the MFP can rec-
ognize thermodynamically good packing, but is not sensi-
tive to physically unrealistic distortions in the backbone.
Thus, we propose the use of a total energy equal to the
MFP plus an internal energy function (eq. 3). It is justified
to add these two energies since they describe mutually
exclusive classes of atomic interactions; the MFP describe
only interactions that depend on residue type, whereas the
internal energy we used describes only interactions that
are independent of residue type. However, one issue
remains open: how best to scale these two terms. The
scale of the internal energy function can be set by the
agreement with small-molecule crystallography, but the
scale of the MFP is determined by an unclearly defined
temperature (eqs 5,6). Here, we have taken the most
naive approach, calculating the MFP scale factor by
assuming standard temperature (25°C); this gave good
results for the LZs, but for other protein families a differ-
ent scale factor may give better results. Alternatively, it
may be possible to calculate the scale of the MFP term by
deriving a more meaningful temperature from the PDB
(e.g. see [20]). 
Recently, in a related study, DeBolt and Skolnick [21]
have tested the ability of all-atom-based potentials (both
MFPs and internal energy potentials) to discriminate the
native fold from an ensemble of related but non-native
folds generated by molecular dynamics trajectories. Our
study differs, firstly in that we use residue-based poten-
tials, and secondly in that we assess the fitness of our
potentials directly from a structure prediction experiment.
DeBolt and Skolnick reached similar conclusions: that
MFPs and internal energy functions have complementary
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Figure 2
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Total energy versus RMSD to the experimental structure. As for
Figure 1, except that the ETOTAL energy is plotted. Plots are for (a)
GCN4, (b) Jun–Jun, and (c) Fos–Jun. The cross indicates the
structure with lowest ETOTAL. Each plot has the shape of a broad and
mostly smooth energy funnel that narrows to a well-defined lowest-
energy structure close to the experimental structure.
discriminatory power, and that combining both is the most
promising direction. 
MFPs have sparked controversy about whether the
method used to derive them is justified, and how they
should be correctly used and interpreted. We argue that
the ultimate test of the validity of MFPs is their ability to
make correct predictions. 
In conclusion, we have used MFPs to develop a reduced-
representation flexible docking method for predicting LZ
structures. The method is fast enough to allow a compre-
hensive search through the space of all possible solutions,
but it achieves similar accuracy to previous all-atom-based
methods. Our results show that MFPs alone are not
always sufficient to identify the native structure of a
protein, but the combination of MFPs with standard
internal potentials may be a very promising technique for
3D structure prediction.
Computational methods 
In this study, we used the three proteins in the PDB that contain regular
canonical two-stranded coiled-coils: the GCN4 homodimer crystal
structure (PDB ID 2ZTA [22]); the solution structure of the Jun homod-
imer (1JUN [23]); and the crystal structure of the Fos–Jun heterodimer
(1FOS [24]). 
All calculations in this work used a reduced atomic representation, with
only backbone and Cb atoms. Coordinates for Ca atoms were calcu-
lated using the coiled-coil equation proposed by Crick [25,26]:
where r0 is the radius of an a-helix, v′0 is the angular frequency of the
a-helix in the coiled-coil frame of reference, r1 is the radius of the
coiled-coil, P1 is the pitch of the coiled-coil, v1 is the angular frequency
of the coiled-coil, a1 = – (v1/|v1|) tan–1 (360° r1/P1) is the signed pitch
angle, u is the angle that the Ca of the d-position residue makes to the
vector joining the helix axis to the coiled-coil axis, and the value of m is
determined by the position of the first residue in the heptad (if the first
residue is at the a-position, m = 1; if it is at the g-position, m = 7). 
The pitch of the coiled-coil can be re-written as:
where h0 is the rise per residue along the a-helix axis. For a regular a-
helix, h0 = 1.5 Å and r0 = 2.36 Å. For the heptad repeat to fit into the
coiled-coil frame of reference, the number of residues per turn of the a-
helix in this frame of reference, n′0, must be exactly 3.5, and hence the
corresponding angular frequency will be v′0 = 360°/n′0 = 360°/3.5.
Thus, for a canonical a-helical coiled-coil, equation 1 has only three
free parameters: r1, v1, and u.
Remaining coordinates were obtained by minimization in X-PLOR 3.1
[27] using CHARMM19 parameters [28] during which Ca atoms were
restrained to their initial positions with a harmonic potential with an
energy constant of 500 kcal mol–1 Å–2.
We used the following energy function:
ETOTAL = EMFP + EINTERNAL (3)
EMFP was calculated using PROSA [3]; EMFP consists of two terms:
EMFP = EPAIR + ESURFACE (4)
EPAIR is evaluated over all pairs of atoms in the system:
Where kB is Boltzman’s constant; T is the temperature of the system; N
is the total number of atoms in the system; ri indicates the residue type
of atom i; ai indicates the atom type of atom i; dc is the distance cut-off
beyond which the MFP is not calculated (usually >20 Å); ai indicates the
atom type of atom i; kij indicates the sequence separation between
residues ri and rj; dij indicates the distance between atoms i and j; f(ri, ai,
rj, aj, kij, dij) indicates the frequency at which (ri, ai) atoms are observed
in the PDB at a sequence separation of kij and a distance separation of
dij from (rj, aj) atoms; f(ai, aj, kij, dij) indicates the frequency at which
atom types ai and aj are observed in the PDB with sequence separation
kij and at a distance dij, regardless of the residue types. Normalization by
f(ai, aj, kij, dij) means that the MFP pair term specifically does not
account for atomic interactions that are independent of residue type.
ESURFACE is evaluated for each atom in the system:
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Figure 3
Internal energy versus RMSD to the experimental structure. As for
Figure 1, except that the EINTERNAL energy is plotted for Jun–Jun only.
Plots for the other two proteins would be identical. In the EINTERNAL
potential used, all sidechain interactions were excluded, hence this
potential has no ability to discriminate native from non-native states
and cannot define a unique lowest-energy structure. In the plot, this is
indicated by the wide range of structures (with RMSDs from 0.8 to
6 Å) with exactly the same lowest-energy value. In fact this range could
be made arbitrarily large by extending the ensemble to include
structures with larger coiled-coil radius. Thus, while the plot appears to
show an the overall tendency of EINTERNAL to increase with RMSD, this
is misleading.
2 4 6 8 10 12
-2400
-2200
-2000
-1800
-1600
-1400
-1200
-1000
-800
-600
RMSD (Å)
INTERNALE
(k  T)B
where si indicates the number of atoms within a fixed radius around
atom i; f(ri, ai, si) indicates the frequency at which atom type ai in
residue type ri is observed in the PDB with si neighbour atoms; f(ai, si)
indicates the frequency at which atom type ai is observed in the PDB
with si neighbour atoms, regardless of the residue type.
EINTERNAL was calculated using the following standard X-PLOR terms
with CHARMM parameters:
EINTERNAL = EBOND + EANGL + EDIHE + EIMPR + EELEC + EVDW (7)
For the purposes of calculating EINTERNAL only, the chain was treated
as poly(Ala), i.e., we used only the subset of the CHARMM potential that
describes interactions between backbone and Cb atoms. Interactions
between the chains were also excluded.
Our search strategy was as follows. For each LZ sequence, we first
calculated an ensemble of structures spanning all possible values of
the coiled-coil parameters: r1 from 2.7 to 6.7 Å in 1 Å steps; v1 from
–11 to 11°/residue in 1°/residue steps, and u from –160 to 170° in
30° steps. We then calculated another ensemble spanning only the
most likely range of values: r1 from 4.1 to 6.5 Å in 0.2 Å steps; v1 from
–10 to –1°/residue in 0.2°/residue steps, and u from 20 to 70° in 2°
steps. Both ensembles were then combined, giving a final ensemble of
16 928 structures.
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